Abstract: The purpose of the study was to evaluate the marginal leakage of three adhesive systems in Class V resin composite restorations. Two adhesive systems containing acidic primers: Clearfil SE Bond (CSEB) and Etch & Prime 3.0 (E&P), were compared with a conventional water-based primer: Scotchbond Multipurpose Plus (SBMP). Class V cavities were made at the cementum-enamel junction of extracted human molars, which were then divided between three groups. One of the adhesive systems was applied to each group following manufacturers' instructions. Composite restorations were placed, light cured for 40 s, and polished. Specimens were then immersed in a solution of 2% basic fuchsin dye for 24 h. Longitudinal sections were obtained and studied with a stereomicroscope for assessment of the microleakage according to the degree of dye penetration (scale of 0 -3). Data were analyzed by Kruskal-Wallis one-way ANOVA, Mann-Whitney tests, and the Wilcoxon matched-pairs signed rank test. Two specimens for each group were analyzed by scanningelectron microscopy (SEM). Bonded interfaces of dentin were also examined by transmissionelectron microscopy (TEM). On enamel, there were no significant differences between the three groups. On dentin, CSEB showed the lowest dye penetration values among the three adhesive systems. SEM and TEM studies showed hybrid layer and resin tag formations in all groups.
INTRODUCTION
Adhesive systems should be easy to use, they should not be technique sensitive, and they should perform equally well on dentin and enamel. 1 In composite restorations, bonding to different tooth substrates is variable. Enamel is a reliable substrate for bonding, 2 but bonding to dentin remains somewhat less reliable or predictable. 3 Even with the introduction of advanced dentin bonding systems, micro-and nanoleakage have been reduced, but not eliminated. 4 Mechanical retention by the cured resin on the etched enamel is largely responsible for the adhesion of resin composite on enamel, 5 and has been described as a function of the increase in surface area and wettability of the etched enamel. 6 The quality of dentin bonds is thought to be determined by the depth of demineralization and the extent of the diffusion and impregnation of the monomer into the calcium-depleted zone. When the depth of dentin demineralization exceeds the depth of dentin diffusion/impregnation, an area of hydroxyapatite-depleted collagen fibers is left exposed; that is, it is not resin infiltrated or hybridised. 7, 8 This zone of exposed collagen may be unstable and subjected to hydrolysis. 9 -11 To avoid this, self-etching dentin bonding systems that do not require smear-layer removal by acidic conditioners are being developed. 7 In theory, these self-etching systems simultaneously decalcify the inorganic component and infiltrate the collagen fibers at the same time by the action of acidic primers, this minimizing the potential for voids. 12, 13 The clinical procedure is less complicated and time consuming, because there is no need for rinsing.
14 Self-etching primers are mainly aqueous mixtures of acidic monomers, such as phosphate ester or carboxylic acid, and hydroxyethyl methacrylate. 14 The latest commercially available self-etching primer incorporates the resin monomers, the photoinitiator, and the tertiary amine accelerator into a single bottle and eliminates an additional mixing step. 4, 15, 16 The combination of etchant, primer, and adhesive resin into an all-in-one adhesive is advantageous because it shortens the application time and reduces the errors that can occur at each bonding step. 8 The enamel pretreatment can also be simplified by the use of hydrophilic, acidic monomers capable of simultaneously etching and penetrating the enamel. 17 A primer agent with a pH of around 1.4 presumably allows mineralized tissues to be conditioned and primed in one treatment step. 18 But the depth of demineralized intact dentin is also related to other factors, such as the concentration 15 and pH of the acidic resin monomer, 11, 19 the viscosity and wetting characteristics of the primer, 16 the diffusion coefficient of the acidic agent, the application time, 20 and whether or not agitation was used during the application on the dentin. 21 The purpose of the present in vitro investigation was to evaluate the microleakage of Class V resin composite restorations made with three different adhesive systems: two containing acidic primers and a conventional three steps adhesive system.
MATERIALS AND METHODS

Microleakage
Twenty-seven non-carious human third molar teeth, stored in saline solution for up to 1 month at 4°C, were used. After surface debridement with a hand scaling instrument and cleaning with a rubber cup and slurry of pumice, two standardized Class V cavities were prepared on the buccal and lingual surfaces at the cementum-enamel junction, according to the procedure described in Toledano et al. 22 The teeth were randomly assigned to one of three groups, of nine teeth each.
After completion of the preparations, the bonding systems and the resin composites for restorations were applied according to the manufacturers' directions (Table I) , and recommended resin composites were inserted in two increments according to the protocol used in Toledano et al. 22 All specimens were stored in tap water at 37°C for 1 week. Groups were prepared for microleakage evaluation by coating the complete tooth with one application of nail varnish except for 1 mm around the restoration margin. The apices of the teeth were sealed with zinc-oxide eugenol cement (IRM, Dentsply Caulk, Milford, DE). These specimens were then subjected to 500 temperature cycles (6°C/60°C , dwell time: 30 s). 23 The dye (0.5% solution of basic fuchsin) penetration test was performed according to the procedure described in Toledano et al. 22 Specimens were embedded in a phenolic ring with epoxy resin and were sectioned longitudinally in a buccolingual direction with a low-speed water-cooled diamond saw.
The staining along both occlusal and gingival restoration interfaces was recorded according to the following criteria: 0: no dye penetration, 1: dye penetration at the interface to 1 ⁄2 the depth of the cavity wall, 2: dye penetration to the full depth of the cavity wall, but not including the axial wall, 3: penetration to and along the axial wall. The worst value (maximum amount of leakage) recorded for each margin was selected for the analysis. Borderline cases were decided by consensus among the observers. The occlusal and gingival scores for each group of restorations were compared with a Kruskal-Wallis one-way ANOVA and Mann-Whitney U nonparametric tests. Combined occlusal and gingival mean scores within each restoration were compared with the Wilcoxon matched-pairs signed rank test (p Ͻ 0.05).
Transmission Electron Microscopy
Two teeth were taken for each of the three groups; their crowns were transversally sectioned 1 mm below the dentinenamel junction (DEJ), with an Accuton-50 machine (Struers, Copenhagen, Denmark) under copious water irrigation. The surfaces were further ground with a 180-grit SiC paper. After bonding with one of the three adhesives, each tooth was restored with a light-cured, lining resin composite (Protect Liner F, Kuraray Co. Ltd., Osaka, Japan) to facilitate subsequent ultramicrotomy. Bonded specimens were fixed in Karnovsky's fixative (2.5% glutaraldehyde and 2% paraformaldehyde in 0.1-M cacodylate buffer, pH 7.3) for 1 h and rinsed thoroughly with 0.1-M sodium cacodylate buffer. Ethylene diamine tetraacetic acid (EDTA)-demineralized, epoxy resinembedded, 70 -90-nm-thick ultrathin sections were prepared according to the TEM protocol described in Tay et al. 13 Sections were double-stained with uranyl acetate and Reynold's lead citrate to examine the ultrastructural characteristics of the resin-dentin interfaces, with the use of a TEM (Philips EM208S, Philips Co., Amsterdam) operating at 80 kV.
Scanning Electron Microscopy (SEM)
After microleakage evaluation, two sectioned specimens were taken from each group for SEM analysis. An individual impression of each interface was taken with an elastomeric material (Aquasil-LV, Dentsply Caulk, Milford, DE), and replicas were created by casting the impressions with an epoxy resin (Epo-thin, Buehler Ltd., Lake Bluff, IL). The specimens were polished with waterproof papers of decreasing abrasiveness up to 1200 grit. After polishing, surfaces were treated with phosphoric acid 37% for 30 s in order to completely eliminate the smear layer. Surfaces were also treated with sodium hypochlorite 10% for 2 min in order to provide evidence of infiltration of the resin into dentin. This procedure removed several micrometers of substrate, thereby exposing the original resin-substrate interface that stood in relief against the lower treated tissue surface.
Specimens and the epoxy casts were maintained for 48 h in a dessicator (Sample Dry Keeper Simulate Corp., Japan) and then mounted on aluminum stubs with carbon cement. They were then sputter-coated with pure gold by means of a sputter-coating Unit E500 (Polaron Equipment Ltd., Watfor, England) and observed with a Zeiss DSM-950 (Zeiss, Germany) scanning-electron microscope at an accelerating voltage of 20 kV and working distances of 13 and 16 mm. The epoxy casts were also studied by SEM and compared with the actual dentin-resin sections to control for artifact formation.
RESULTS
Microleakage
None of the adhesives tested in this study completely eliminated microleakage. The leakage score values are presented in Table II . There were no differences in microleakage between the three adhesive groups on the occlusal margin (p ϭ 0.43) but significant differences (p Ͻ 0.001) were found on the gingival margin, where the CSEB/Clearfil AP-X group had lower dye penetration scores than both the E&P/Degufill (p Ͻ 0.05) and SBMP/Z-100 (p Ͻ 0.05) groups. There was no statistical difference in microleakage between the E&P/ Degufill and SBMP/Z-100 groups.
Occlusal margins leaked significantly less than gingival margins (p Ͻ 0.0001) when E&P/Degufill or SBMP/Z-100 was used. No statistical difference was found between the margins with the use of CSEB/Clearfil AP-X.
Scanning Electron Microscopy
SEM findings are shown in the micrographs (Figures 1-3) . Bond failures at the enamel interface were not evidenced. Resin-enamel interface showed resin macrotags and microtags penetrating into the etched enamel when SBMP was used (not shown). Self-etching primers samples (CSEB and E&P) Note: Ordinal score used for microleakage evaluation: 0: no dye penetration, 1: dye penetration at the interface to 1/2 the depth of the cavity wall, 2: dye penetration to the full depth of the cavity wall, but not including the axial wall, 3: penetration to and along the axial wall.
a S-statistical significance; Groups with the same letter are statistically similar (p Ͻ 0.05). 
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exhibited adhesive microtags interconnecting enamel and resin (not shown). At the dentin bonding site, some bonding failures or separation could be observed in all cases. These gaps were consistently present at the axial region close to the axio-gingival line angle. The gap alternated with zones of perfect seal. All gaps observed on the dentin specimens were also observed in the epoxy replicas. The self-etching agents (CSEB and E&P) created very thin hybrid layers (Figures 2 and 3) . CSEB specimens showed resin tags that were narrow and regularly shaped, with adhesive small lateral branches only sporadically observed on the sides of the resin tags, indicating that resin attempted to fill the lateral canals (Figure 2 ). When E&P was employed, the tags were wide, short and funnel shaped, with no lateral branches ( Figure 3) . SBMP exhibited wide and long resin tags, and removal of the peritubular dentin by the acid treatment revealed numerous small lateral extensions of microtags branching off at right angles from the main resin tag (Figure 1 ).
Transmission Electron Microscopy:
TEM results are shown in Figures 4 -6 . In the acid-etched group (SBMP), dentinal tubules were opened, a hybrid layer was formed, and resin tag formations and lateral tubule hybridization were present (Figure 4) . The self-etching primer CSEB etched through a 2-m-thick smear layer and formed a hybridized smear layer and 0.5-m-thick hybrid layer in intact dentin. Some intact smear plugs were also evident ( Figure 5 ). The single-step self-etching adhesive E&P was more aggressive and completely dissolved the smear layer, creating a 4-m-thick hybrid layer. Resin tags were short, wide, and completely devoid of smear plugs ( Figure 6 ).
DISCUSSION
On enamel, no differences were found among the three procedures, consistent with findings by Hannig, Reinhardt, and Bott 17 of high rates of perfect marginal adaptation when self-etching agents were used on enamel. When CSEB (10-methacryloyloxydecyl dihydrogen phosphate) and E&P (tetramethacryloyloxyethylpyrophosphate) etching primers are used, the etching pattern of enamel appears to be less retentive than that produced by phosphoric acid etching, 24 although both create retentive micropores into which resin could effectively penetrate. 17 Other authors 25, 26 reported higher microleakage values on enamel when acid etching with phosphoric acid was not performed. The SBMP primer used in the present study may have exerted some influence on an increase in final enamel microleakage values, as occurred when Gordan et al. 12 compared SBMP with Clearfil agents. Following the protocol developed by Buonocore, 27 the etched enamel should be completely dry and uncontaminated, and should be penetrated by a hydrophobic resin. Therefore, the introduction of water-based primers created a dilemma. It was reported that contact of etched enamel with primers (hydrophilic resins) might decrease the bond strength to enamel by 31 to 44%. 28 Woronko, St Germain, and Meyers
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suggested that the water-based primers should be confined to dentin. It should be taken into account that the clinical significance of the high microleakage scores obtained with the use of polyalkenoic acid-based adhesives (e.g., SBMP) is controversial; 25 their clinical retention rate at 3 years is unexpectedly high, which may be related to theirs stressrelaxation capacity. 25, 30 On gingival margins, none of the restorative systems under study completely resisted microleakage, consistent with the findings of other studies. 4 ,31 CSEB showed lower dye penetration values compared with E&P, as reported by other authors. 4 This may be explained by differences in chemical composition, as pointed out by Hayakawa, Kikutake, and Nemoto, 14 who stated that the best bonding on dentin was obtained when self-etching primers containing 10-MDP were used. 10-MDP causes minimal dissolution of smear plugs and limited opening of tubules, which reduces dentin permeability 32 and facilitates penetration, impregnation, polymerization, and entanglement of monomers with demineralized dentin to form a relatively thick hybrid layer. 12 10-MDP also has two hydroxyl groups that may chelate to calcium ions of enamel and dentin. The primer solution in the CSEB bonding system has a pH of 1.4, whereas E&P has a pH of 0.75. 16 The low pH of the E&P (condi-primer-adhesive) allows mineralized tissue to be etched and primed in a single step, creating a thick hybrid layer ( Figure 6 ). However, this may be inadequate to create a stable resin tag strong enough to withstand thermal stress. 34 It is also possible that the true hybrid layer formed may not contain enough resinous material to integrate resin tags to the surrounding hybrid layer, increasing the likelihood of fluid leakage. 35, 36 E&P produced a deeper etching compared with CSEB, and tubule entrances were not only opened but also enlarged (Figures 3 and 6) . This stronger etching process may destabilize the collagen, and leading to a decrease in bond strength. 37 Other authors 4, 16, 38 also found a lower bond strength to dentin using E&P compared with other bonding systems, which they ascribed to the inherent weak strength of the adhesive polymer or to the low degree of polymerization of the resin monomer.
CSEB showed lower dye penetration values in comparison with SBMP. The use of a separate etching, rinsing, and drying steps increases the technique sensitivity, 36 which is substantially reduced in self-etching primer systems through preservation of the smear plugs 36,39 ( Figure 5 ). The increased microleakage values in SBMP may be explained by the possible failure of the primer to reach the entire demineralized zone, resulting in unprotected collagen and facilitating gap formation, 31, 40 or by the presence of residual water that could interfere with the polymerization of the bonding resin. 31 The primer in the SBMP system contains water to expand the depleted collagen fibers after the conditioning and drying process. Phrukkanon, Burrow, and Tyas 41 observed a porous zone, with partial collapse of the collagen network, at the base of the hybrid layer and just above the mineralized dentin in specimens in which the dentin adhesive agent was Single Bond (last generation of SBMP), which had not proven able to penetrate fully to the base of the exposed collagen. Moreover, when HEMA is included, a progressive decrease in the partial pressure of water is produced. 42 As the partial pressure drops, it becomes more and more difficult for residual water to be removed from the demineralized dentin, and the hydrophobic Bis-GMA monomer resists diffusion into sites that contain residual water, producing an incom- plete adhesive diffusion through the demineralised dentin. 43 Previous studies on dentin adhesion described similar results when SBMP and Clearfil agents were compared. 16, 40 Sano et al. 40 reported the presence of nanometer-sized spaces that permitted silver nitrate to permeate the hybridized complex and the adhesive resin. They suggested that these interconnecting porosities might be the result of incomplete resin infiltration into the demineralized dentin, poor polymerization of the adhesive resin, or the presence of low-molecularweight oligomers that allow water to penetrate the hybrid layer and the adhesive-hybrid-layer junction.
Other in vitro 12, 44 and in vivo 26, 45 studies obtained dentin microleakage scores similar to the present results when SBMP or E&P were compared with Clearfil Liner Bond 2. The use of 10-MDP (CSEB) instead of Phenyl-P (Clearfil Liner Bond 2) may be the main reason for the better bonding attained by CSEB when compared to Clearfil Liner Bond 2. 33 The performance of E&P on dentin has been shown to be similar to that of other adhesive systems that require acid etching, such as SBMP 1 or Prime & Bond NT. 45 In the present study, SBMP and E&P showed higher leakage on the gingival than on the occlusal margin, in line with other studies. 46 The sealing ability of the dentin bonding seems to be correlated with the dentin location and the quality of dentin. 47 Because leakage may be observed at the cervical margins of Class V resin composite restorations, despite the use of bonding systems that create hybrid interfaces, the ability of these systems to hybridize cementum must be questioned; the literature includes only one report of hybridlayer formation in cementum. 48 Cagidiaco et al. 49 considered that the leakage observed at the cervical margin may be related to the absence of dentin tubules in the limiting 100 m of the cervical margin, the relatively low number of tubules in the first 200 -300 m of the gingival floor, and the mainly organic nature of the dentin substrate. Enamel, when present at the cervical margin, is usually thin, aprismatic, and less receptive to bonding. When polymerized, the composite resin shrinks toward the superior bond at the occlusal margin and away from the weaker bond at the gingival margin. 50 Microleakage values for CSEB was similar at both margins, consistent with reports that adhesion to gingival wall was similar to adhesion to the occlusal wall when some selfetching primers were used. 51 The present results clearly document that the use of selfetching primers in Class V composite restorations can achieve a marginal integrity comparable (on enamel) or better (on dentin) to that attained by the conventional conditioning of the enamel with phosphoric acid. Combining conditioning and priming into a single treatment step results in an improvement in both time and cost effectiveness, 12 and yields major improvements in bonding to tooth structure. 7, 36 It is a promising technique that deserves attention in the future.
Nevertheless, it is questionable whether dentin adhesion tests in vitro are representative of in vivo performances, as some bonding materials are believed to be less effective under clinical than under laboratory conditions. 34 Nanoleakage has been shown with the use of self-etching systems, 52 mainly within the hybrid layer. 16 Sano et al. 53 demonstrated that the porosity of the hybrid layer increased over time when self-etching primers were used. Because adhesives contain hydrophilic constituents such as HEMA or 10-MDP, hydrolytic attack can be expected in the presence of nanoleakage, casting doubt on the long-term durability of adhesive bonds, 54 especially at the enamel margin, where a thin layer of bonding resin is exposed.
